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Abstract 
Fire simulations and sensors are widely used in building fires, various data such as temperature, CO and CO2
concentration, visibility can be obtained by sensors and sensor-based simulation. And Injury produced by high 
temperature, carbon monoxide, or carbon dioxide may reduce a person’s capability of judging, acting and memory. 
It is important to generate a risk map based on such data so that we can use it to make evacuation strategies. Using 
cluster analysis, likelihood distance is used to calculate the similarity of space state and danger state or safety state 
to get the risk level. The integrated influence of high temperature, carbon monoxide, or carbon dioxide on the 
occupants in a virtual building fire is dynamic analyzed to generate a risk map in the building. The dynamic risk 
map can realize the transformation of real-time signal to visualization risk distribution and support evacuation and 
rescue command. 
© 2011 Published by Elsevier Ltd. 
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1. Introduction 
With fire development and smoke propagation, some factors, such as high-temperature, smoke, carbon monoxide, 
carbon dioxide, etc. can affect the safety of the occupants. Some researches focus on single-factor injury and 
research results are widely used in some fields, especial in fire protection design of building, guidance on firefighter 
training, making evacuation strategies, etc. Tolerance limitation of human exposes to radiant heat is shown in SPFA 
handbook of fire protection engineering. The heat radiations limitations of occupants and firemen in a fire are 
2.5kw/m2 and 4.5kw/m2, respectively [1]. With different dressing condition and physical condition the influence of 
temperature on occupant tolerance limitation time and evacuation speed is different[2]. Too high concentration of 
CO and CO2 can harm the ability of judgment and movement [3]. Impact on human of high-temperature, smoke, 
carbon monoxide, carbon dioxide, etc. can be coupled with each other. The factors can reduce a person’s capability  
* Corresponding author. Tel.: +86-20-39332230.
E-mail address: chuyy@mail.sysu.edu.cn. 
1877–7058 © 2011 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2011.04.710
Procedia Engineering 11 (2011) 658–665
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
CHU Yan-yan et al. / Procedia Engineering 11 (2011) 658–665 659
Nomenclature 
d  likelihood distance of data                                                 maximum of likelihood function kl
n   number of sensor in the zone                                            number of model parameter kr
j
kT
iaw        continuous information in zone k                          zone fire risk 
'Risk
2
ijσ          variance of continuous variable ;j
kT
iaw                           the risk level  of some sensor in the zone irisk
ja          categorical variable                                            the probability of the risk level risk)( iriskp i in the 
ijlπ        the probability of categorical variable                               zone ja
              having the value in zone k                                             evacuation route risk level lRisk
of judging, acting and memory. Kataoka has explored the influence of  high temperature of  40ć on the change of 
heart rate variability and blood pressure[4];Yu Xuejun focused on the thermoregulatory, cardiovascular, pulmonary, 
biochemical and molecular biological responses of man to heat stress[5]. But there is not sufficient medical data and 
the adverse effect cannot be intuitionistic described by a mathematical model. To integrated fire risk analysis, the 
lack of data can be made up by multi-statistics method and the integrated fire risk level can be got by the 
comparison of similarity of space state and danger state or safety state. With the development of information and 
sensor technology, various sensors have been installed in the building. It is possible to generate a risk map in a 
building fire utilizing sensor information. Such map will be important for occupant evacuation and rescue planning. 
In this paper, to demonstrate the function of the cluster analysis method, instead of real sensor data, fire 
simulation is performed to provide the necessary information for calculation. An integrated risk map can be 
determined in a building fire through information data classification by the likelihood distance measure. The model 
can be useful to make evacuation and rescue decisions, select evacuation routes with the minimum risk and make 
proper emergency measures. 
2. The impact on human by fire 
There are many dangerous factors, mainly including high temperature, carbon monoxide poisoning and carbon 
dioxide poisoning, etc.  
(1)High temperature 
In a building fire, high temperature smoke and fire can induce thermal stimulus on people. With the longer 
duration of exploring in high-temperature environment, injury can be introduced by high temperature to damage the 
skin cells once heat energy accumulating in the skins exceeds skin tolerability. When temperature beyonds 44 ć,
burn can be induced in the skins. At 85ć, three degree burn injury can be formed in 10 s[6]. 
(2)Carbon monoxide poisoning  
Pathological mechanism of carbon monoxide poisoning is hypoxemia. Carbon monoxide poisoning inhibits the 
ability of hemoglobin to release the oxygen bound to it. When carbon monoxide (CO) binds with hemoglobin in the 
red blood cells in the lungs, it's called carboxyhemoglobin (COHB). Measuring COHB in the bloodstream reveals 
the level of exposure a person has had to carbon monoxide. A clinical investigation of 184 persons exposed to toxic 
levels of carbon monoxide (CO) in a public high school has been carried out. It is shown that the degree of carbon 
monoxide poisoning is related to carbon monoxide concentration and contact time. Exposing to carbon monoxide of 
240 mg/m3 for 3 h, carboxyhemoglobin contents in the blood is higher than 10%. Exposing to carbon monoxide of 
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292.5 mg/m3, carboxyhemoglobin is higher than 25% and occupants will have a headache, swimmy, etc. Exposing 
to carbon monoxide of higher than 1170 mg/m3 for sixty minutes, carboxyhemoglobin is higher than 60% and can 
product stupor. Exposing to carbon monoxide of higher than 11700 mg/m3 for several minutes, carboxyhemoglobin 
is higher than 90% and occupants may be dead[7].  
(3) Carbon dioxide poisoning 
Carbon dioxide is an asphyxiant. High concentrations can cause unconsciousness and death. Above 2%, carbon 
dioxide may cause a feeling of heaviness in the chest.  Above 10%, carbon dioxide may cause visual impairment.  
Above 30%, carbon dioxide may cause unconsciousness or death[8]. 
3. Model development 
A numerical model will be developed in the paper to discuss the fire risk map in a typical building, shown as Fig. 
1. The office zone is usually divided into several rooms by office divisions based on tenement requirements. Every 
office zone has at least an exit to the corridor. In the building, the office zone is about 900 m2. Building height of the 
fire zone is 2.7 m. Smoke extraction vents lie in the ceiling homogeneously. Locations of doors and walls are shown 
in Figure 1. The fire is assumed to occur in zone 1. Fire simulation will be used to generate a fire scenario and 
sensors are assumed to locate in the office zone shown as Fig. 1. 
Fig. 1 Fire simulation model. 
4. Fire risk evaluation algorithm  
With fire development and smoke propagation, various sensors, information related to fatal factors, such as 
temperature, toxic material concentration, etc. can be obtained and form an information network , where 
the sensor location is denoted by set  and the information type is represented by
),( AEG
{ neeeE ,,, 21 = } A . If 
temperature, carbon monoxide and oxygen concentration are selected as information characteristic values, the 
information type set will be described as . Risk of each zone at every time can be analyzed 
using a two-step cluster method. 
{ 2,, COCOTA = }
4.1.   Fire risk analysis using a two-step cluster method 
At present, most of fire risk analysis models focus on the impact of a single fatal factor and cannot show the 
integrated impact of multiple factors. A multi-variable statistics method is needed to realize analysis of multi-
dimension data set. The two-step cluster analysis method, a multi- variable statistics method, can group the multi-
dimension data set automatically by distance [9]. Using the method, the integrated fire risk map can be obtained 
based on sensor information which is made by some fatal factors such as smoke temperature, oxygen concentration, 
carbon monoxide concentration, etc.  
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(1) Construction of the cluster feature tree (CFT) 
During the course of constructing the cluster feature tree (CFT), first step is to search class centres. All the 
measured data are reviewed to ensure the class center and a likelihood distance is used as similarity measure 
criterion. The measured data can be classified by the similarity measure with nodes in CFT and become a new node 
of the tree. Finally CFT can be constructed. The safe criterion sample and dangerous criterion sample are selected as 
two class centres. And the classification information includes categorical variables . Information of temperature, 
CO and CO
ja
2 from sensor in zone k at time t  is used as a data sample point, written asie j
kT
iaw .The likelihood 
distance of different samples can be calculated by the logarithm likelihood function as follows [10]: 
( , )( , ) i s i sd i s ξ ξ ξ= + + ,                                                                                                                                           (1) 
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(2) Bayesian information criterion (BIC) classification 
Second step is to group leaf node in CFT using bayesian information criterion (BIC). If BICK/ BIC1<0.04, K is 
the cluster result of every node. BICK can be got as follows [11]:  
1
,
k
k
v
l vξ
=
=¦                                                                                                                                                              (5) 
2 logK K kBIC l r n= − + ,                                                                                                                                          (6) 
Where,  rk= .
1
(2 1)
q
k
k p n
=
⋅ + −¦
(3) Zone risk calculating 
Risk level of every sensor in the zone has been obtained by two-step cluster analysis. And zone fire risk can be 
got by risk level probability calculation. Zone fire risk can be calculated as follows: 
)(
3
1
'
n
i
n riskpriskRisk ⋅=¦
=
                                                                                                                               (7) 
Where, ( ) ( )i ip risk NUM risk n= , .
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5. 4  Experiment results and discussion 
5.1. Fire simulation results 
The purpose of this paper is to generate the dynamical risk mapping during the fire if all information is available. 
It is noted that in reality, only part of information can be obtained. Such study will provide the maximum possibility 
in occupant safety using fire information from sensors and simulation results. High temperature, toxic and harmful 
gases are selected as characteristics of fire risk.  
FDS from NIST is selected for fire simulation. Fire source is assumed to be the propane gas combustor and 
located at the right top of the floor. Fire source is located in the floor and the area is about 4 m2. Fire location is 
shown in Fig. 1. Office fire is developed under sprinklers and smoke extraction equipments action. Meshes are 
divided using the non-uniform partitioning method. The total number of mesh is 108×53×15. Simulation time is 
1800 s. Fire heat release is assumed to be developed according to t2, heat release can be obtained as follows: 
20.0469 .Q = ×                                                                                                                                                        (8)  

˄a) T(ć)                                                                    (b)  CO(mg/m3) 
 (c) CO2(mol/mol)                                                   (d)  Visibility˄m˅
Fig.2 (a)Temperature;(b) carbon monoxide concentration;(c) carbon dioxide;(d) visibility distribution in sensor level at 500 s.
The maximum fire power is set to be 2 MW and fire develops to the maximum fire power at 180 s.  
Fire risk evaluation method is applied to the building as shown in Fig. 1. Building rooms and corridors are 
divided into 9 zones as indicated in the plot. There are several sensors in every zone, located at a plane of 2.4 m 
above the ground, shown as Fig. 1. The fire risk is set to be three levels, e.g., low risk, moderate risk, and high risk, 
indicated as levels 1–3. Information type will be set as {T,CO,CO2}. Safe or high risk criterion is selected according 
to criteria such as NFPA101 and Japanese building fire protection design, evacuation and refuge safety design 
method, etc. Most dangerous criterion parameter value is set as (80, 150, 0.15). Normal indoor state is selected as 
the safest criterion parameter value, which is (20, 0, 0). 
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5.2. Comparison of multi-factors risk analysis and single factor risk analysis and fire risk map analysis 
To discuss the relation between sensor type and the fire risk level, four cases are designed: (a) generate an 
integrated risk map by temperature, CO and CO2; (b) generate an integrated risk map by temperature and CO; (c) 
generate an integrated risk map only by temperature;(d) generate an integrated risk map by CO and CO2. Risk 
evaluation results of the four cases in the room with fire (zone 1, shown in Figure 1) were plotted in Figure 3.  
It is shown that the fire risk evacuated result only by temperature is less than by temperature and CO and the 
results are less than by temperature, CO and CO2.So neglecting the impact of some factors means the distortion of 
fire risk evaluation results. More information types in the fire risk evaluation, more objective fire risk evaluation 
results will be. So it is necessary to generate an integrated fire risk map based on the influence of temperature, CO, 
CO2 and others.  
Fig. 3 Risk evaluation results in the room with fire (zone 1) 
Comparison between fire risk evacuated cases with temperature and without temperature is also presented in 
Fig.3. The difference between the two cases results indicates that temperature increases rapidly to tolerate limitation 
of human in building fire. The probability of casualty by high temperature is very large. By contrast, though carbon 
monoxide poisoning and carbon dioxide poisoning are two kinds of occupant safety threats, the impact on integrated 
fire risk by carbon monoxide poisoning and carbon dioxide poisoning is less than by temperature.  To embody the 
fire development objectively, a fire risk evacuated should be made by multiple  factors such as temperature, CO and 
CO2, etc.
 
˄a˅ 200s                                                                                              (b) 500s 
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 
(c) 800s                                                                                         (d)1000s 
Fig. 4 Fire risk map of building at 200 s, 500 s, 800 sˈ1000s
Using the fire simulation results as information data and selecting temperature, CO and CO2 as evacuation 
indexes, a fire risk of the building shown as Fig. 1 is assessed. Based on the evacuation results, an integrated fire 
risk map at 200s, 500s, 800s, 1000s by multi-factor analysis has been generated shown as Fig. 4. It is shown that the 
room with the fire and the fire room neighbour corridor gradually become dangerous zone with the smoke 
propagation from fire room to the corridor and the dangerous zone gets bigger with development of the fire. The fire 
risk map is a comprehension result of multi-factors influence and conforms to the development of fire. It is the 
intuitionistic presentation of the impact on human by a fire. 
5.3. The feasibility of evacuation route
Risk level of evacuation route is got by the average of risk level of all nodes in the evacuation route according to 
equal (9): 
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Risk                                                                                                ˄9˅
Based on the integrated risk analysis results, risk levels of evacuation routes (Door4—>Exit1, Door4—>Exit2ˈ
Door1—>Exit1ˈDoor7—>Exit2,  shown as Fig. 1) have been got,  which change with the smoke propagation, 
shown as Fig.5. From Fig.5, it is shown that at 200s risk levels of four evacuation routes (Door4—>Exit1, Door4—
>Exit2ˈDoor1—>Exit1ˈDoor7—>Exit2) are less than level 3 and the evacuation routes are clear. At 500s risk 
level of the evacuation route (Door4—>Exit1) reaches to level 3 and smoke make the route impassable. But the 
Fig. 5 Risk Level of Evacuation Routes 
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evacuation route ( Door1—>Exit2) is less than level 3. So occupants in room 1 should escape from Door1and 
cannot select Door 4. At 800s, risk levels of all routes connected with exit1 have reached to level 3and only the 
route (Door7—>Exit) is clear. So Exit2 should be used as the only escape egress to make the evacuation strategies. 
6. Conclusion 
Fire risk evaluation algorithm has been developed to generate fire risk map utilizing sensor information. It can 
generate a fire risk map considering adverse effect of high temperature, carbon monoxide and carbon dioxide, and 
realize the transformation of real-time signal to visualization risk distribution. And the risk map is useful to grasp 
the development of fire, optimize evacuation route and realize the decentralized control. Factuality of the method 
depends on the type and amount of the information. Information requirements should be analyzed to get an optimum 
fire risk map. 
Acknowledgements 
This work was supported by the National Natural Science Foundation of China (Grant No. 70833003) ˈ China 
Postdoctoral Science Foundation (Grant No. 20100470114.)ˈ Young Teacher Plan of Sun Yat-sen University 
(39000-3281402)and Guangdong Provincial Key Laboratory of Fire Science and Technology(2010A060801010.). 
References 
[1] Purser D A. Toxicity assessment of combustion production. SFPE handbook of fire protection engineering, National Fire Protection 
Association, Quincy, Massachusetts, Third edition, 2002 
[2] Cooper L Y, Stroup D W. ASET-A computer program for calculation available safety egress time. Fire Saf J 1985;9 (1) : 29–45
[3] Li Y Q. Building Fire Performance-based Design. Beijing: Chemical Industry Press, 2005 
[4] Kataoka Y, Yoshida F. The change of hemodynamics and heart rate variability on bathing by the gap of water temperature. Biomed 
Pharmacother  2005; 59: s92—s99
[5] Yu Xuejun. Human Physiological reactions to Heat Stress in Space Flight. XiAn˖Fourth Military Medical 
University,2000 
[6] Zhang Guogao. Biology and Health in High Temperature.  ShangHai: ShangHai, Science Technology Pr, 1989 
[7] Liu Naian, Liu Qiong, Deng Zhihua, et al. Burn-out time data analysis on interaction effects among multiple 
fires in fire arrays. P Combust Inst, 2007; 2:2589-2597
[8] Chu Yanyan, Zhang Hui, Rui Yang, et al. Simulation Study on Building Fire Smoke Control Strategy Based on Fire and Occupant
Information. J Tsinghua University 2010; 8:1-7 
[9] Chu G Q, Sun J H. Decision analysis on fire safety design based on evaluating building fire risk to life. Safety Sci  2008;46(7): 1125– 
1136
[10] CHU Yanyan, ZHANG Hui, et al. Development a mode to generate a risk map in a building fire. Sci China Ser E-Tech Sci  2010; 
2(53):1-9  
[11] Zhu Y C. Application of two step cluster model (in Chinese). Market Res 2005;1:40–42 
